The protein/heme mass ratio for the extra-
The extracellular hemoglobin of the earthworm Lumbricus terrestris is a giant molecule of =200 subunits and a molecular mass near 3.8 ± 0.15 MDa (1-3). The number of hemecontaining chains in the whole assembly is uncertain. The reported iron content of extracellular annelid hemoglobins, 0.22-0.27%, is much lower than that of vertebrate hemoglobins, =0.35% (4, 5) . The lower iron content corresponds to a minimal molecular mass of [21] [22] [23] [24] [25] [26] [27] kDa, but the actual masses of the four major chains of the hemoglobins in each of two species of annelid have been determined to be [16] [17] kDa by amino acid sequencing (6) (7) (8) . This discrepancy might be explained by the presence of non-heme protein, by heme loss, or by a combination of these factors. The carbohydrate content (9) is too small to explain the discrepancy. Three additional chains of 31-37 kDa have been reported for L. terrestris hemoglobin, at least some of which appear to be necessary for self-assembly and may lack heme (10, 11) . Two bands at 33 kDa and 38 kDa occur in Western blots of in vitro translation products identified immunologically (12) . The wide, unexplained differences in the published values of the iron or heme content of the hemoglobin of L. terrestris and other annelid hemoglobins (4) deserve careful scrutiny. The differences might be partially explained by variations in heme loss. Such loss can occur in human hemoglobin but requires oxidation to ferrihemoglobin and is blocked by heme ligands (13) . Autoxidation and heme loss are accelerated in the unstable human sickle hemoglobin (14) . Similar processes might occur in invertebrate hemoglobins. Recent measurement of the heme content of the hemoglobin of the nematode Ascaris suum has shown that the heme content varied by more than 40% but that samples differing in heme content could be titrated with heme to produce full binding and a reproducible content (15) .
The determination of heme content has usually been made by coupling measurement of heme, done by the pyridine hemochromogen method or by iron determinations (16) 
MATERIALS AND METHODS
The collection of the hemoglobin in the CO form in the presence of the protease inhibitor phenylmethylsulfonyl fluoride, precipitation with polyethylene glycol, pelleting twice by ultracentrifugation, and gel chromatography on Sepharose CL-6B (Pharmacia; exclusion limit, -4000 kDa) were performed as described (19) . Native hemoglobin eluted from the Sepharose column was used for the heme and protein analyses. Aliquots of the native hemoglobin were chromatographed on a column of Ultrogel AcA 44 (LKB) in 0.1 M borate/1 mM EDTA, pH 9.3, to give two fractions, one comprising the disulfide-linked trimer of chains a, b, and c, and the other, monomeric chain d (20) . Ultrogel AcA 44 is formed of beads made of a blend of 4% acrylamide and 4% agarose and has an exclusion limit of -200 kDa. Chromatography as described and referenced (8) of the native hemoglobin on diethylaminoethylcellulose (Whatman in the presence of dithiothreitol yielded well-resolved peaks corresponding to chains a and b. Although the peaks for chains c and d were unresolved, fractions were isolated that contained single electrophoretic components. Both this chain-d preparation and that obtained from the AcA 44 chromatography were used and the results were averaged. All preparative steps were performed in the presence of CO. The isolated intact hemoglobin, the trimer, and the heme- 
9461
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
9462
Biochemistry: Fushitani and Riggs containing chains were then dialyzed exhaustively against CO-saturated water. The CO was then replaced with 02 and samples were taken for heme analysis by the pyridine hemochromogen method and for amino acid analysis. Each sample used for heme analysis was aliquoted into three tubes, and the results were averaged. A millimolar extinction coefficient at 557 nm of 32.0 was used for the pyridine hemochromogen. Each sample for amino acid analysis was aliquoted into six tubes, four of which were chosen randomly for analysis. Two sets of hydrolyses, comprising two tubes from each sample, were analyzed separately. The heme was not removed and the hemoglobin was not carboxymethylated. Aliquots were hydrolyzed in 6 M HCI in vacuo at 110'C for [24] [25] [26] [27] [28] [29] hr. The amino acid analyses for each sample were averaged. Taurine and norleucine were added to the samples as internal standards prior to hydrolysis. The results with each standard were averaged. The quantity of protein determined was corrected for tryptophan lost during hydrolysis on the basis of the known amino acid sequence data (7, 8) .
RESULTS AND DISCUSSION
The results, summarized in Table 1 also show that the conclusion (9) (11) .
The difference between the observed minimal molecular mass and that calculated for the abcd unit (Table 1) indicates that about 2200 g of non-heme protein is present for each mole of heme-containing chain. Since we have concluded that 192 heme-containing chains are present, the total contribution of non-heme protein to the molecular mass should be =422 kDa. This brings the total molecular mass to 3.77 MDa, which is close to the reported values of 3.68 MDa (1), 3.95 MDa (2), and 3.75 MDa (3). The reported carbohydrate content (9), 2%, would add about 77 kDa to give a molecular mass of 3.85 MDa. The 422,000 g of non-heme protein per mol corresponds to -35,200 Da for each 1/12th subunit. This suggests that the 31-to 37-kDa subunits of Lumbricus hemoglobin (10) are present in the proportion of one per 1/12th subunit. This proposal is consistent with the conclusion that these subunits are required for assembly (10) . Each 1/12th subunit might be anchored to adjacent 1/12th subunits in part by an -35-+ 3-kDa protein. The fact that more than one kind of 31-to 37-kDa protein is present suggests that all 1/12th subunits may not be identical. Our suggestion is consistent with the proposal (10) that the 31-to 37-kDa subunits might be linkers between complexes of abcd units. A linker is clearly not required for joining the trimer to subunit d. The trimer combines spontaneously with monomeric chain d to form a complex with highly cooperative 02-binding properties close to those of the native hemoglobins (19, 20) .
The nature ofthe 31-to 37-kDa proteins (chains DMA, DiB, and D2 in the nomenclature of ref . 23) is uncertain. The reported NH2-terminal sequences of the first 13 residues of DMA and D1B show no obvious relationship with other globins (23) . We have extended the sequencing of chain DMA to 28 residues: Ala-Ser-Asp-Pro-Tyr-Gln-Glu-Arg-ArgPhe-Gln-Tyr-Leu-Val-Lys-Asn-Gln-Asn-Leu-Leu-Ile-AspTyr-Leu-Ala-Lys-Lys-Leu-(unpublished data (18, 26) . This procedure requires that all ions, small molecules, and water be completely removed. A common procedure has been to dialyze the protein exhaustively against distilled water (18) , but this cannot be expected to be completely effective. For example, dialysis of human hemoglobin against distilled water does not remove any significant quantity of 2,3-bis(phospho)glycerate (27, 28) . We have avoided these problems by determining the amino acid composition of the globins. We believe that use of dry weight combined with some heme loss may have contributed to the measurement of low heme content.
